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ASSEMBLY OF CHITOSAN 
ONTO AN RT FrX RODE STTRFAnr 

This appUcation claims the benefit of U.S. provisional appUcation no. 60/405,582, 
filed August 23, 2002, the entirety of which is incorporated herein by reference. The U.S. 
government may have certain rights to this invention, pursuant to Grant No. BES-01 14790, 
awarded by the National Science Foundation. 

1- FCELD OF THE INVENTTON 

The invention relates to methods of depositing polysaccharide chitosan from a 
chitosan solution onto a substrate. 
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2. BACKGROU ND OF THE TNVENTION 

The ability to create devices (e.g., bioseosors, microarrays, and 
microelectromechanical systems (MEMS)) requires facile methods to precisely control 
surfaces. A variety of patterning techniques can be used to produce desired structures, while 
various methods have been investigated to control surface chemistries. For instance, mface 
chemistries have been controlled by self-assembling monolayers using reactions between 
thiols and metal surfaces, or between alkyltrichlorosilanes and oxidized sihcon. Bain, C. D., 
mitcsidcs,G.M.Angew. Ghent. Int. Ed. Engl. 1989,25, 506-512; Whitesides, G. M., 
Laibinis, P. E. Langm. 1990. 6, 87-96; Sagiv, J. J. Am. Chem. Soc. 102, 1980. 92-98; 
Brzoska, J. B., Azouz, I. B.; Rondelez, F. Langm. 1994, 10, 4367-4373; Allara, D. L., 
Parikh.A.N.,Rondelez,F. Langm. 1995. 77,2357-2360. An additional method to assemble 
macromolecules and particles is to exploit an applied voltage. Foo, G. M., Pandey, R. B. 
Biomacromol. 2000, 1, 407-412. Applied voltages have been used to assemble colloidal 
particles, proteins, and ceUs onto electrode surfaces. Bohmer, M. Langm. 1996, 12, 5747- 
5750; Strike, D. J., Rooij, N. F., de Koudelka-Hep, M. Biosen. Bioelect. 1995, 10, 61-66; 
Cosnier. S. Biosat. Bioelect. 1999. 14, 443-456; Kmzawa, C, Hengstenberg, A., Schuhmami, 
W.^Hfl/. Chem.2001, 7^, 355-361; Kuizawa.C., Hengstenberg, A., Schuhmann,W.W 
Chem. 2002, 74, 355-361; Brisson. V., Tilton, R. D. Biotechnol. Bioeng. 2002, 77, 290-295. 
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Chttosan is ^ an>me-rich polysaccharide derived by deaoetylation of cM«n. Cbifc is 
«,eseco„d™s.*«dan.polysacoharideinna.^a.disfo„ndi„— .^^^ 
togi. Chitosanisbeeoming a„ tao^asingly taportantbiopolymer because.. offers umque 
pbysicoohernicdproperdes. HudsoB. S.M.; Snn«>, C. to A- «-«»We 
.I<«^. D,L. Kaplan (EL). Springer. Berlin. .998. p. 96-118. Specifically. cMosanbas 
primary annno groups have pKa vataes of about 6.3. Kinaudo. M.. I^''-- G _ 
Desbrieres, I. Po,yn.r 1999. 40. 7029-7032; Sorlier, P..I.en«z.ere, A.. V.U,n. C. Domard. 
A i,,.— fee. 2001, 2. 765-772. At pHs below «»pKa,nros. of *eannno groups are 
protonated.akingchi.osanawater-solub.e.cationiopolyelec.rol,te. Chitosan s w.^- 
sotobiUty is uni<,ue as other p.(l-.4)-li,*ed polysaccharides cdlulose and oto.») are 
iusotable. AtpHsaboved.epK^chi»san'sann„o^upsaredepro.onated.and,h.s 
p<„yn.erbecoures insoluble. Chitosan's pH-dependen. solubility is attracbve because rt 
i:sprocessing.on.a.eouss„.u.ions.hUean»desth.creaseinp™^^ 

...csantobefor.ed.ovariousshap.(...b^^^^^ 
Liogerfelt.B.M..Price,R.P..Sohoen,P.E.Ia»g».2001.ir,5082 508 . 

feaListha,chitosan'san,inogroupsco.fernncleopbiHcp,opert.estoflnspoIyn,er. 
;ical,y..hedepro.o„a.edau,h,o.oupsbaveanuusbaredelect,onpa.*at^^^^^ 

Lon.itbavarie.yofe,ectropbi,es.Asaresult,various«esc»^^ 
^inkchitosan andto graft s«bsd.uentsontothispo.yn.er.H.rauo.S..Obo.Y..On^^ 

, C^»„Mr.«->'^M7.315-320;Muz»e.h.R.A.^.Tanian,.F..En,^ue„,.M 

' 10S-) m? 199-214- Yalpani.M..Hall.L.D.MocTOmoM984. 

Marioth.S.an-W.>*J!«. 1982. 707. 199 214. laip „Rg ,™ 951 _960- 

,7 272-281:Roberts, G.A.F.. Taylor. K.E«eM<*-o".a« CHeme. 1989. 790, 951 960. 

L T Y Rorrcr GL. Sep.Sd. TecHnol .995.30,2455-2475; Gruber. J.V..Rmar. V.. 

Hsien. T.-Y.. Rortcr, O.U i> p 8865-8867- Xu. 3.. McCarthy. Sf .. Gross. 

Bandekar, J., Korush. P.N. M^cr^ofec. 1995. 28. 8865 ^ ' • 
, RA KaplanDL M.cr«.fec. 1996. 29, 3436-3440; Kn»d.Ii. Hudson. S,M.,C,*«. 

rAMTor^5...-..-Po,„..*.. 1999.37,l<n9-1094;Mi.P.-L..Kuan.CY..^^^ 

S S T a»g. S. F. a...o<..*. Foly.. 2000. 389-396; Mi. F.-K. Sun^H.-W.. 

Shimojoh. M., Harata, M. Biomacromolec. 2002, 3. 1-4. 
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3. SUMMARY OF THE INVENTTON 

The invention encompasses methods of dq)ositing a thin layer of the polysaccharide 
chitosan onto the surface of an electrode substrate. The methods comprise contacting the 
substrate with a chitosan solution and ^plying an electric current to tiie substrate. The 
5 mvention also encompasses substrates onto which a layer of chitosan has been dq)osited. 

3.1 FIGURES 

Various aspects of the invention may be understood with reference to the following 

figures: 

J 0 FIG. 1 represents a diagram of chitosan deposition; 

FIG. 2 provides a graphical representation of the deposition of chitosan onto the 
surface of an electrode, wherein deposition occurred from a 1 w/v% chitosan solution using 
an appUed voltage of 2.5 V; 

FIG. 3 provides an SEM microgr^h of a deposited layer on an electrode (a) without 
1 5 neutralization and (b) with neutralization; 

FIG. 4 represents deposition under the following conditions, each of which include 
immersing the electrode in caustic, rinsing it extensively and drying it prior to measuring the 
thickness: (a) deposition occurring from a 1 w/v% chitosan solution using an applied voltage 
of 2.5 V; (b) deposition measured after 6 minutes using chitosan solutions of varying 
2Q concentrations and an applied voltage of 2.5 V; (c) deposition measured after 6 minutes from 
a 1 w/v% chitosan solution using varying voltages; 

FIG. 5 provides an IR spectrum of deposited material and chitosan, wherein the 
material deposited on the electrode was neutralized in base, extensively washed with distilled 
water, and dried; the IR spectrum was collected using a KBr pellet; and the control spectrum 
25 was collected using a chitosan film; and 

FIG. 6 provides an ES-MS spectrum of deposited material after incubation with 
chitosanase. 
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d^anoanbedepos-ted Su. „^ovm., antixnony, cadomm, ctoo»»m. 

cobalt, copper, gold, iron, ieaa,mdBi and conductive polymers. 

♦ and allovs thereof) samconductors, and conaucuvc p y 

steel, tin, tungsten, zmc, and alloys tn ; a"cermaybeeiicaryoticor 
As usedherein and unless oth^se indicated, a cell may 

to a spccfic embcd^eB, of P ^ ^^^^^^ 

dB,„san;andb)applymgan=l=ctnocun« of depositing .hitosanoitfo a 

25 substrate with chUosanase. ^mn is a substrate coated with chitosan. In 

a partouta «.bod«n«n., fl>c ttuctoe. o ^ ^ 

<.„a.„»tO.OUoaM«.1.3~^- 

^«^"'^'^™':ritllasub.«a.coated«a>cM.os»«her 
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chitosan further comprising bound polynucleotide. Yet another specific embodiment is a 
substrate coated with chitosan fiirther comprising either bound RNA or DNA. Still another 
specific embodiment is a substrate coated with chitosan fiuther comprising bound cells. A 
further specific embodiment of the inventions is a substrate coated with chitosan wherein the 
5 substrate is a metal. 

5. Example 

Chitosan firom crab shells (85 % deacetylation as reported by the supplier) and the 
enzyme chitosanase were purchased fi-om Sigma- Aldrich Chemicals. Chitosanase was 
10 reported by the manufacturer to have specific activities of 102.3 U/mg. Chitosan solutions 
were prepared by adding chitosan flakes to water and incrementally adding small amounts of 
HCl to the solution to maintain the pH near 3. After filtering undissolved material, these 
chitosan solutions were diluted to various concentrations, and the pH was adjusted to 5.0 
using NaOH(l M). 

1 5 Electrodes were prepared by depositing 90 A thick chromium (Cr) and then 2000 A 

thick gold (Au) fihns on 4-inch diameter silicon wafers already coated with 1 -micron thick 
thermal oxide fihn. For chitosan deposition, the electrodes were dipped into a chitosan 
solution (pH=5, 1% w/v) as shown in FIG. 1. In most experiments, three electrodes were 
examined. Two of the electrodes positive and negative) were connected to a DC voltage 

20 supply using alligator clips. The third electrode was not connected to a power supply and is 
designated a "neutral" electrode. At specific times the electrodes were removed &om the 
solution and rinsed with distilled water, after which the voltage was removed. In some cases, 
electrodes were immediately oven-dried (60 °C for 3 hours). In other cases, electrodes were 
neutralized by inmiersion in a basic solution (1 M NaOH) and then rinsed with distilled water 

25 prior to drying. After drying, the thickness of the deposited layers was measured by a 
profilometer (ALPHA-STEP 500 SURFACE PROFILER, TENCOR Instruments). 
Thicknesses were measured on different areas of the electrode surface and the average values 
were calculated. 

Scanning electron microscopy (SEM) was used to study the surface morphology of 
30 the deposited layer. SEM micrographs have been recorded using a Focused Ion Beam system 
(FIB/SEM woricstation dual beam 620; FEI Company). Samples on silicon substrates were 
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pb^tattecha™b„ha™gv«ofaboutlOr'To..Sm.on«alpn^esw«e 

oumiiBd at a 20,000-foU magnification. 

F„ch«Moa. analysis, d^ositionwa.ob.ainedbyplaoingelec.«>d««.aoh,.osan 

Wh(lw/v%;pH.5)fcr20™n«teswi.h.appIiedvo«ageof2.0vo«s.F<.m.^^ 
««„Uee.ec.roaewa.«n.ovedfton>thedatasan..u«o„.rinsed.d.«^ 
powerlpply-and^enplacedinaboutlMNaOHove^gbt. m«.thee,e..^ewas 
l3.e.JLero.s.ha.ns.i»..h.deposi.^.-eria>«as„bse.^.oa^^^^^^ 

e,ectrodesurface.TMsdeposi.ed»ateri,.was.he.e^vdywash«iw,ftd.s..^^ 
^driedov«^tf>.at60»C.After<irying.itwaspo«ndwithKBrpowdcrandp«s.edu*o 

apeUe. IR q^tra were coUected using a Pe&in-Etaer 2000 FT-IR system. 

F„raLysisbyelec.«^rayn«ssspec.ro.e.ry(ES-MS).menega«vee.ec.r»^ew^ 

^ovedftom the «osansol.ti<«,ri«sed.discoanectedfron,thepower supply 
placed inasmaU volume of da«.eaoid(HC.;pH.3)andheldove.night to allow the 

depositedma.eriaUodissolve.THaacidso,utio„was«c„vered.dUu.edtoappn,^^^^^^^ 

t:Sw,v%a„d,hepHwasadius.edt„5.5.11.esamplewas..e„i»uba.eaib.o.d^^^^ 

37«C.ith.l.enzy«ecbitosa„as=(0.2U,m.).Afterit^a.ion.heso^u«on^^^ 

™.ovep«cipi«es. and analyzed by BS-MS (n.enno Finmgan. '^ ^-''^ '^^^ 
samples for ES-MS analysis were dUuted in an a,ueous solution «>nta.nmg 0.1 /. fbmnc 

acid and analyzed in positive ion mode. 

Toexaminedeposiabn,weimmers»de.ectrodesin^acidiccb.t„sansolut.on.d 

appUedavol.ageof2.5V. After applying the vo«age for varying time^negauve electrodes 
^..^ovedLtbe solution,r.sedwi.hdisdned water. and«..v„l.ag.wasr»oved. in 
»„ecases.meclec.rodesweredried,wbi,eino.hercases,heyweremnnersedmba« 
Ldandthendried. A«er drying, tbe.bic.ness of the deposited layer was measure^b 
. profflome.ry.Figure2showstbat*e«.ctoessof.hedeposi.edlayermcn=aseso^^^^^^ 
UtionlHg«re2shows,bat.hetHckneasof.bedepositedlayer.s,esswbentbe 

i*lpctrode was treated with base. 

Scam.ngelec,ronmicroscopy(SBM)was„sed.oexan^etbesurfacem^^^^ 

t,e„egativeelec.rodes.Fi^3ashowsmicographsfi,re,ectrodes.hatweredn=dw..bou. 

30 !Z.a.on. - can be seen i^ 3. «s sample bas a no^umform^ 

morphology. Possibly, the surface rougtacss of this electrode maybe due. o the presence of 
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salts associated with the chitosan polyelectrolyte. Figure 3b shows the surface of a negative 
electrode that had been immersed in base and rinsed extensively before drying. As indicated 
in Figure 3b. the surface of this electrode is more unifonn - presumably due to the 
neutralization of chitosan. The observation in Figure 2 that deposited layers are thimier aft^ 
neutralization suggests that neutralization leads to a coUapse of the polymer network and 
possftly also the elimination of salts. In subsequent experiments, neutralization was 
performed prior to measuring the thickness of deposited layers. 

Additional studies were paformed to characterize deposition, and to compare 
deposition onto the negative and positive electrodes. Figure 4a shows that the thickness of 
the deposited layer on the negative electrode increased over time. No material was observed 
to deposit on the positive electrode under the conditions studied. An additional control was 
an electrode in which no voltage was applied (designated as "neutral" electrode). As shown 
in Figure 4a, no deposition was observed on the surface of this "neutral" electrode. Figure 4b 
shows that when the concentration of chitosan in the solution was increased, there was 
increased deposition on the surface of the negative electrode. Again no deposition was 
observed on the positive electrode or on the control electrode in which no voltage was 
appUed. Figure 4c shows that deposition on the negative electrode also increased with 
increasing voltage. 

to summary, Figm-es 2 through 4 demonstrate that an applied voltage can be used to 
deposit a thin layer onto a negative electrode when the electrode is immereed in a chitosan 
solution. Additionally, the thickness of the deposited layer can be controlled by the 
deposition conditions. FinaUy, once the deposited layer is neutralized, it can be retained on 
the electrode surface even m the absence of an appHed voltage (i.e., the electrode can be 
extensively rinsed). This latter observation is consistent vnth the fact that chitosan is 
insoluble under neutral and basic conditions. 

Two independent techniques were used to provide chemical evidence that the material 
deposited on the negative electrode is chitosan. For IR analysis, the "neutralized" material 
was recovered from the electrode surface, rinsed extensively, dried overnight, and 
incorporated into a KBr pellet. Figure 5 compares the JR spectrum for the KBr peUet of the 
deposited material with the spectrum of a chitosan fihn. The absorption spectra are similar 
for the two samples providing evidence that the material deposited on the negative electrode 
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is chitosan. Some differences in fte spectra are observed in Uie amine and amide regions 
(1500-1700 cm-') suggesting the possibility that chitosan chains that are more highly 
deacetylated (and therefore more highly charged) may be preferentially deposited onto the 
negative electrode. Samian, T., Kurita, K.. Ogura, K., Iwakura, Y. Polymer 1978. 19, 458- 
5 459; Domszey, J. G., Roberts, G. A. F. Makromol Chem. 1985. 186, 1671-1677; Shigemasa. 
Y., Matsunra, H., Sashiwa, H.. Saimoto, H. Int J. Biol Macromol. 1996, 18, 237-242. 

The second technique to provide chemical evidence that the deposited material is 
chitosan was provided by electrospray mass spectrometry (ES-MS). Because chitosan's 
molecular weight (> 300,000 g/mol) exceeds the limit for analysis, we enzymatically 
10 hydrolyzed the deposited material and analyzed the hydrolysate. For this analysis, the 
deposited layer was dissolved &om the electrode surface into an acidic solution. After 
dilution, the solution was incubated with the chitosan-hydrolyzing enzyme, chitosanase. 
Osswald, W.F., McDonald, R.E.,Nied, RJ>., Shapiro, J.P.. Mayer, R.T. Anal. Biochem. 
1992, 204, 40-46. Figure 6 shows the ES-MS results for this hydrolyzate. 
15 ' To'examinetheresultsinFigure6.weconsideredthepeaksexpectedforthe 

enzymatic hydrolysis of chitosan. Enzymatic hydrolysis of chitosan is known to result in the 
formation of various species {e.g., monomers, dimers). Shahgholi, M., Callahan, J. H., 
Rappoli, B. J., Rowley. D. A. J. Mass Spectrom. 1997, 32, 1080-1093. Additionally, chitosan 
is a copolymer of glucosamine and N-acetylglucosamine, and the predominant ohgomeric 
20 species are expected to consist of either glucosamine units or both glucosamine and N- 

acetylghicosamine mrits. Because the degree of acetylation is low (15 %), it is not expected 
that significant amomits of oligom^ that contain more than a single N-acetylglucosamine 
residue FinaUy. it is known that MS spectra of glucosamme and glucosamine trimers contam 
product ions resulting from the loss of HaO. Kerwin, J. L., Whitney. D. L.. Sheikh, A. Insect 
25 Biochem. Molec. 1999. 29, 599-607. Table 1 Hsts a series of peaks expected for the 

hydrolysis of chitosan {e.g., various monomers, dimers, trimers, tetramers, and pentamers). 
By comparison of these expectations with results in Figure 6 (Usted in parenthesis in Table 
1), it is clear that the BS-MS provides strong evidence that the deposited material is chitosan. 
A control in the ES-MS study was provided by a sample that was incubated in the 
30 absence of chitosanase. The ES-MS analysis of this control showed weak signals with a low 
signal-to-noise ratio (not shown). Tins is consistent with the expectation that un-hydrolyzed 
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chitosan will be too large (300,000 g/mol) to be measured by ES-MS. The highest signals in 
this control appeared at m/z of 220 and 299 and the latter signal does not even appear in 
Figure 6. Thus, without being Umited by theory, chitosanase-catalyzed hydrolysis of the 
deposited mataial maybe necessary to attain strong signals in the ES-MS. 

Table 1 . Expected and observed m/z values for enzymaticaUy hydrolyzed chitosan. (Observed 
values bom Figure 6 appear in parenthesis) 





Monomer 


Dimer 


Trimer 


Tetramer 


Pentamer 


(GIn)x-3H20 


126 
(126) 


287 
(288) 


448 
(448) 


609 
(609) 


770 
(769) 


(Ghi)x-2H20 


144 
(144) 


305 
(306) 


466 
(467) 


627 
(625) 


788 
(789) 


(Gln)x-H20 


162 
(162) 


323 
(324) 


484 
(484) 


645 
(644) 


806 
(805) 


(Ghi)x 


180 
(180) 


341 
(342) 


502 
(503) 


663 
(663) 


824 
(821) 


[GlcNAc.(Ghi)x.,]-H20 


204 
(205) 


365 
(364) 


526 
(525) 


687 

(686) 


848 
(847) 


[GlcNAc.(Gbi)x.i] 


222 


383 


544 
(545) 


705 
(705) 




866 
(864) 



Gb: Glucosamine; GlcNAc: N-Acetylglucosanune. 



In summary, two independent techniques were used to provide chemical evidence that 
the deposited material was chitosan. Standard IR analysis shows that the spectrum for the 
deposited material is similar to the spectrum for chitosan. Further, the deposited material was 
susceptible to hydrolysis by the enzyme chitosanase while flie hydrolysate shows a family of 
peaks consistent with glucosamine and N-acetylglucosamine residues - the r^eating units of 
chitosan. 

Chitosan is a unique biopolymer that offers interesting possibilities for controUmg the 
surface chemistry of devices. First, chitosan is an amine-rich polysaccharide that is 
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posittvely charged under mildly acidic c^<^. charaoUristic aUowa a ^ ctatosa» 
UycrtobedepositedO.e.-'self-assemblcdOon.oanegattveelectrodcinresponsctoan 

applied voltage, mresulte reported here demonstrate that toethictaessofthe deputed 

U^canb.c™,.roUedby.heconditio..«sed. Second, chitosan'spKa is ratherlow(pK.» 

6 3) compared .0 other amine^taihing biopolymers (..g.. polylysine's pKa .s 10.5), and 
ahoveit-spKachitosanisin»luble.Asares«ltof«nspH-depe«le„tso,ubili.y.asimple 

„eutraU^tionstepissuffioient,oconve,tchi.osan.oaninso.ublef«,n.ha.canbere.am«l 

on the surface of the electrode O'.... the appHed voltage is only required tor d^^osthon and not 
toretainthechitosanlayer). Third, the high content ofprimary amine groups aHows a 
dntosan coadng to b, used for controlling surface properties and for subs^uen. modrficahon 
^. TheutiUtyofanunegroupaisillustratedbythec^rentinterestincreatrngarnm. 
.JLedmono.ayers.Whi.esides.G.M..I^binis.P.E.I«.g..l990,M7-96;G^^^ 

Sair^ar, SJ... Sastry. M. CHe.. Ma^. 12. 1234-1239; Sieval, AB.. Unke. 1., Her. 

G Meijer, G., Zuilhof, H., Sndhol.«.BXR. Un^- 2««1. 17. 7554-7559; WaHwor^^lL.. 

S:i.h,L.,ZhanM..Kir^am,.,Robinson,C.X»^.20»X..7.n2<i^.3^*yam. 

K Kubo, A.. Ueda, A., Taniguchi, I. Cen,. Un. 2002. (1), 80-81; Jiang, X. Or.^ C 
H»mond.P.T. Un^. 2002. iS, 1131-1 143. Tire amine ^s also enable brologtcaUy 
active molecules (e..., peptides and proteins) to be coupled onto chitosan s^faces^.^^^^ 
^ eoupling chemistries (e.g.. glutaraldehyde- or carbodiimide- based chetntstnes) or 

, r^enzymaticmethods. Vazque.-Duhal..R..Tinoc„.R..D'An'o-.P-.T°P°'* 

• ^ '»nni 7 7 ■^01-306 Finally, chitosan is gaining 
L D T Payne G.F. Bioconj. Chem., 2001, 12, iui :>uo. rmai y, 

increasing attention as abiomateria. for appUcations rangmg ftom enzyme immobibzabon to 
recreation ofbiocompatiblesurfaces.Airoldi.C..Montei».O.A.C./.^p;>Pa'.«.S^. 
2000 77 797-804;Behnonte.M.M..DeBenedi«is.A..Muzzarem.R.A.A..Men^cc^P, 

,5 Biagini G., Gandoffl. M.G.. Zucchini. C. Krajewsld. A.. Ravaglioli. A.. Roncan. E.. Fmr. 
M a^o.R. ..M......-M...Me..mS,M85-492; Lvov, V.,0„d.M.. Anga. 

K..Kuni.alte.T./.Bio»«.,.Sc.-i'o,>™.£<i..l99M,345-355;Wang.D.A..M.,S»^^^^ 
Y.H Yu G.a.Feng.LX ^.«<»„ea;M,.,.r.^e.. 2001. 5«. 372-383; Gong. H. P.. a-ong 
Y H U J.C.,Gong,Y.D..Zbao,N.M.,Zh»*XJ. J.Biome<i.Ma,er.Res.m0.52. 

30 285-295. Urus, chitosan may provide an appn^pdate hterfac. betwe«. biological syst«„s 

and microelectronic devices. 
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The prior example is provided as illustration of the disclosed invention and is not 
intended to limit the scope of the invention. All cited references are herein incorporated in 
their aitireties by reference. 
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CLAIMS 



We claim: 

1 A method of depositing chitosan onto a substrate, comprising: 

5 ' a) contacting the substrate with a solution containing chitosan; and 

b) applying an electric current to the substrate sufficient to deposit the 
chitosan onto the substrate. 

2 Themethodofclatol.ftrthetcomprismgwashingftesubstrateo.^ 
,0 d.posi,ed.tosa»«imwa.er, aetata with a neutral pH. a basic soWion, or an 

solution. 

3. nxe method of claim 1, further comprising contacting chitosan deposited on 
the substrate with chitosanase. 

^ ^ 4. The method of claim 1 . wherem the substrate is a semiconductor. 

5 . The method of claim 1 , wherein the substrate is a conductive polymer. 

20 6. The method of claim 1. wherein the substrate is a metal. 

7. The method of claim 1, wherein the solution contams chitosan in a 
concentration of from about 0.0001 to about 30 % w/v. 

25 8. The method of claim 7, wherein the solution contains chitosan in a 

concentration of from about 0.1 to about 10 % w/v. 

9. Amaterialobtainedbythemethodof claim 1. 
30 10. A material comprising chitosan deposited on a substrate. 
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1 1. The material of claim 10, wherein the substrate is a metal, a semi-conductor, 
or a conductive polymer. 

12. The material of claim 1 1, wherem the substrate is a metal, 

13. The material of claim 12, wherein the metal is aluminum, antimony, cadmium, 
chromium, cobalt, copper, gold, iron, lead, magnesium, mercury, nickel, paUadium, platinum, 
silver, steel, tin, tungsten, zinc, or an alloy thereof. 

14. The material of claim 10, further comprising a protein bound to the cWtosan. 

15. The material of claim 10, further comprising an enzyme bound to the chitosan. 

16. The material of claim 10, further comprising a polynucleotide bound to the 
chitosan. 

17. The material of claim 16, wherein the bound polynucleotide is RNA. 

18. The material of claim 16, wherein the bound polynucleotide is DNA. 

1 9. The substrate of claim 10, further comprising cells bound to the chitosan. 
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